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BiodieselAlgae are potential candidates for biodiesel production; thus, it is important to gain insight into the molecular
mechanism of their lipid metabolism. Time-course transcriptome analyses were carried out during the lipid
biosynthesis and accumulation processes of the model green alga Chlamydomonas reinhardtii using the
Illumina RNA-seq platform. Transcriptome results indicated that over 2500 genes are upregulated or during
lipid accumulation compared to log phase growth. As a proof of principle, two of the enzymes required for
lipid metabolism that were signiﬁcantly up-regulated during lipid accumulation, Lyso-Phosphatidic Acid
Acyltransferase (LPAAT), diacylglycerol acyltransferase (DAGAT) were knocked down using artiﬁcial
microRNAs. Neutral lipid production decreased in strains knocked down in expression of the lpaat and
dagat genes. In addition, forty-one transcription factors were up- or down-regulated during the lipid
accumulation process. This transcriptome data will be useful for engineering economic algae species aimed
at biodiesel production.
© 2013 Elsevier Inc. All rights reserved.1. Introduction
Microalgae are considered to be one of the most promising types
of feedstocks for biofuels, and the concept of using algae to make
fuels has been discussed for 50 years [1]. Faced with unfavorable
environmental or stress conditions for growth, such as nutrient dep-
rivation, algae store chemical energy in the form of oils, such as neu-
tral lipids or triglycerides [2]. The high lipid content, high growth rate
and ability to rapidly improve strains and to produce co-products, all
without competing for arable land, make algae an exciting addition to
the sustainable fuel portfolio [3]. Despite this potential, the produc-
tion capacity for microalgae is presently limited in comparison to
land-based energy crops. The technology is still considered to be in
its infancy, and there are both basic and applied R&D milestones
that must be achieved before algal-based fuels can be produced at a
commercial scale [4]. Algal strain development is one of the most
important aspects of biofuel development, together with other research
including harvesting, dewatering and oil extraction methods. Strain
development mainly includes bioprospecting, genetic engineering and
breeding focused on characteristics such as fast growth, increased oil
content, and robust response to pathogens.conomic Area, Tianjin, 300308,
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oland.
rights reserved.Currently, there are approximately ten different algal species that
can be transformed [5], offering a great opportunity to genetically
engineer many anabolic and catalytic pathways, including lipid meta-
bolic pathways. Many complete or nearly complete algal genome se-
quences are available (e.g., Chlamydomonas reinhardtii [6], Thalassiosira
pseudonana [7], and Phaeodactylum tricornutum [8]), which provide
opportunities to explore key regulatory genes by comparative genomics
coupled with transcriptomic and metabolomic analysis. Once identiﬁed,
these genes can be genetically engineered for better biodiesel production.
The unicellular green alga C. reinhardtii is a model organism for
the study of many fundamental biological processes, including lipid
metabolism [9]. Moreover, C. reinhardtii is an excellent genetic and
genomic model for microalgal lipid research, as the full genome has
been sequenced [6] and there are well-established molecular tools,
including transformation, that have been devised for the species [5].
The lipid metabolism pathway has been extensively studied in
yeast, plants and mammals. In plant cells, fatty acids are synthesized
de novo, predominantly from acetyl-CoA in plastids. The reaction is
initiated by the formation of malonyl-CoA from acetyl-CoA, catalyzed
by acetyl-CoA carboxylase (ACCase), a critical enzyme of the path-
way. Many experiments have been performed to improve lipid pro-
duction by overexpression of this enzyme and of other component
enzymes of the fatty acid biosynthesis pathway, such as KAS III, but
with little success [10,11]. The major portion of acyl chains is then
exported into the cytoplasm to be used for the synthesis of complex
lipids, including TAGs [12]. Some positive results in increasing lipid
production have been obtained by manipulating the genes of TAG
biosynthesis, such as G3PDH [13] and DAGAT [14]. In addition, several
230 H. Lv et al. / Genomics 101 (2013) 229–237key regulators controlling seed maturation have been identiﬁed in
Arabidopsis, including CCAAT-binding factor-type transcription factor
LEAFY COTYLEDON1 (LEC1) [15], plant-speciﬁc B3 transcription factor
LEC2 [16] and FUSCA3 (FUS3) [17]. Mutations in these genetic loci
result in similar but distinctive phenotypes during seed development
[18,19]. As the accumulating knowledge of plant lipid biosynthesis
has been coupled with the development of advanced genetic technolo-
gies, various metabolic engineering methods have been used to modify
the fatty acid and lipid composition of several oleaginous plants [20].
Many of these genes have homologs in microalgae, but little is known
about the molecular basis of the pathways in microalgae. Whether the
pathways are similar or different from those in plants, such knowledge
would help efforts to engineer microalgae for biodiesel production.
Few microalgae produce large amounts of storage lipids during
logarithmic growth. Instead, when they encounter environmental
stress, such as a lack of nitrogen, their proliferation slows and they
begin to produce energy storage products such as neutral lipids and/
or starch [2]. Similarly, during logarithmic growth, C. reinhardtii cells
do not accumulate large amounts of neutral lipids. However, at the
late growth phase, when nutrition factors are depleted, C. reinhardtii,
like most other microalgae, accumulates large amounts of neutral lipids
for energy storage in lipid body form. Here, we report the use of RNA
sequencing technology to investigate differential gene expression
during C. reinhardtii growth in log, stationary transition, lipid accumula-
tion and cell decline phases. The goal of this study was to determine
major changes in gene expression between fast growth and lipidFig. 1. Cell growth and lipid accumulation. A: The four stages of cell growth are artiﬁcially d
Decline Phase (CDP). OD650 values are means and standard deviations of three independe
standard deviations of three independent samples. B: Nitrogen content (measured using
four growth phases. Values are means and standard deviations of three independent expe
two phases, and both chlorophyll autoﬂuorescence and Nile Red ﬂuorescence (yellow, used
the later two phases, Bar=4 μm.accumulation phases to identify the key enzymes and regulators
required for lipid accumulation. In our study, the genes that showed
up- or down-regulation during lipid accumulation are involved in vari-
ous metabolic pathways, including lipid metabolism, photosynthesis
and transcriptional regulation. Our results additionally demonstrate
that lipid production in microalgae can be modiﬁed by manipulation
of gene expression. Neutral lipid production decreased when LPAAT or
DAGAT was inactivated, and the composition of fatty acids produced
was different in a dagat mutant compared to wt or to an lpaat mutant
strain. Our results provide useful candidate gene resources for genetic
engineering of algae for biodiesel production and shed light on TAG bio-
synthesis in microalgae.
2. Results
2.1. Transcriptome analysis of C. reinhardtii during photosynthetic
growth under constant light
To identify key enzymes and regulators in the lipid biosynthesis
pathway of C. reinhardtii, samples of C. reinhardtii 4A+ from four
time points were selected for proﬁling analysis by Illumina RNA deep-
sequencing technology. The four time points represent log phase (LP),
stationary phase (SP), neutral lipid accumulation phase (LAP) and cell
decline phase (CDP). Among the four phases, neutral lipid droplets
could be detected by Nile Red staining ﬂuorescence only in LAP and
CDP (Fig. 1C). The highest amount of total lipid occurred in LAPivided: Log Phase (LP), Stationary Phase (SP), Lipid Accumulation Phase (LAP) and Cell
nt experiments. Total lipid contents (w/w) are shown on bars. Values are means and
alkaline potassium persiﬂage digestion-UV spectrophotometric method) during the
riments. C: Only chlorophyll auto ﬂuorescence (red) could be detected in the earlier
for the indication of neutral lipid droplets) of C. reinhardtii cells could be detected in
231H. Lv et al. / Genomics 101 (2013) 229–237(Fig. 1A), indicating that the LAP is a critical phase for lipid biosynthesis
and accumulation, especially for neutral lipids. Proﬁling these four
phases of gene expression is useful for understanding the molecular
basis of the lipid biosynthesis pathway. RNA sequencing of the four
samples each generated more than 1 G of 49 bp clean reads (Table 1).
More than 65% of the reads from each sample were mapped to the
C. reinhardtii version 4.0 transcriptome.
For the comparative analysis, we designated the LP growth phase
as a control (no lipid was detected in this phase) and calculated rela-
tive gene expression in the three later phases using the RPKM value
(Reads Per Kilo-basepairs per Million reads) (Supplementary Table
1). To verify the reliability of the RNA-seq data, three transcripts
that showed either up- or down-regulation were selected for assay
by quantitative RT-PCR. The expression of each of the three transcripts
showed the same trends in both RNA-seq and qRT-PCR analyses
(Fig. 2). To make a series of pairwise comparisons of gene expression
in the four growth phases, over 2500 genes that showed greater than
2-fold differential gene expression (RPKM) were selected for hierarchi-
cal cluster analysis by HCE3.5 (Fig. 2C, Supplementary Table 2) [21].
From the hierarchical clustering results, the differentially expressed
genes could be divided into threemain clusters (Fig. 2D, Supplementary
Table 2). The clustering result clearly shows that there are remarkable
gene expression changes during culture growth and lipid accumulation.
2.2. Functional category analysis of gene expression clusters
Over 2500 genes showed differential expression during the four
stages of photosynthetic growth. These genes could be divided into
multiple clusters. However, more than 80% belonged to the 3 largest
clusters (C1, C2 and C3). In the C1 cluster, genes showed relatively
higher levels of expression in the three later growth phases, as deter-
mined by RNA-seq data. In C1, the genes that involved basic metabolic
pathways, such as ribosome biogenesis (7 genes, p-value=6.80E-05),
peptide metabolic process (5 genes, p-value=0.00014) and RNA pro-
cessing (16 genes, p-value=0.00026) were enriched, suggesting that
the cells required increased fundamental metabolism to address the
unfavorable growth conditions. The C2 cluster, in which gene expres-
sion pattern was directly related to the lipid content and highest in
the LAP stage, was particularly interesting. From the functional annota-
tion and enrichment analysis by agriGO [22], the lipid metabolic path-
way (p-value=0.0002) and membrane related genes (p-value=
6.50E-05) were enriched (Supplementary Fig. 1, Supplementary Table
2) in the C2 cluster. These included genes involved in fatty acid biosyn-
thesis, KAR (3-ketoacyl-ACP reductase, 407585, 2.4-fold up) and ENR
(enoly-ACP reductase, 205577, 2.5-fold up) and genes involved in TAG
biosynthesis, such as G3PDH (glycerol-3-phosphate dehydrogenase,
146945-5.8-fold up), LPAAT (lyso-phosphatidic acid acyltransferase,
378183, 3.6-fold up) and LPCAT (lyso-phosphatidylcholine acyltrans-
ferase, 153343, 2.8-fold up). Additional characterization of TAG pathway
genes will be discussed later. For the C5 cluster, in which gene expres-
sion was down-regulated during the transition to lipid accumulation,Table 1
Summary of expression tags generated by Illumina sequencing.
Treatmenta LP SP LAP CDP
Totalb 3.3×107 2.3×107 4.0×107 2.5×107
Mappedc 2.3×107 1.6×107 2.6×107 1.7×107
GC%d 59.04% 59.25% 58.91% 59.60%
a Treatment types: log phase (LP), stationary phase (SP), lipid accumulation phase
(LAP), cell decline phase (CDP).
b Number of sequencing reads after ﬁltering out low-quality reads based on Illumina
base-calling method.
c Number of sequencing reads after mapping to the C. reinhardtii version 4.0
transcriptome.
d GC percentage in each group.enrichment analyses showed that genes involved in photosynthesis (21
genes, p-value=1.10E-13) and nucleoside triphosphate metabolic path-
ways (6 genes, p-value=0.00063) were enriched, suggesting that the
cells' photosynthesis andbasicmetabolic pathways becameprogressively
less active during the last three stages of growth. These data are consis-
tent with our analysis showing that biomass and cell numbers no longer
increased after the log phase, whereas lipid metabolism increased.2.3. Lipid production and composition can be modiﬁed by inactivation of
the TAG biosynthesis genes LPAAT and DAGAT
Enhancement of lipid production is the long-term goal for
algae-based biodiesel production, requiring an understanding of the
molecular basis of the pathway. From our transcriptome data, numer-
ous genes were upregulated signiﬁcantly during lipid accumulation,
any of which could be involved in lipid production. We decided to
select several genes to be genetically engineered for lipid production
modiﬁcation through gene silencing by the artiﬁcial microRNA
technique, a method that has recently been shown to be successful
[23]. The lipid synthesis pathway of Chlamydononas reinhardtii was
reconstructed by bioinformatic analysis (see methods) (Fig. 4, the
detailed fold-change data for the pathway genes are listed in Supple-
mentary Table 3). Within the pathway, 4 genes were selected for
engineering: PDH (pyruvate dehydrogenase, transcript 206684), which
belongs to the fatty acid biosynthesis pathway; G3PDH, which showed
remarkable up-regulation after the start of neutral lipid accumulation
(5.79 of CDP/LP and 5.82 of LAP/LP fold change, respectively);
Lyso-phosphatidic acid acyltransferase (LPAAT), which is another critical
enzyme class that catalyzes the acylation of the sn-2 position of
Lysophosphatidic acid (LPA) to yield phosphatidic acid (PA) in the
Kennedy pathway [24]; and DAGAT, diacylglycerol acyltransferase,
which catalyzes the ﬁnal step in TAG biosynthesis. Two of the four
gene-inactivated strains (LPAAT, DAGAT) were successfully constructed.
The target gene transcriptional expression was signiﬁcantly lower in
each mutant strain than in the control strain (Fig. 3D) Compared to wt,
the neutral lipid content in LPAAT or DAGAT knockdown strain was
reduced ~20% (18.7% and 19.3%, Pb0.01 in Post Hoc Test) (Fig. 3B).
These data clearly show that both LPAAT andDAGAT are critical enzymes
in algal neutral lipid biosynthesis and suggest that lipid production
enhanced strains might be achieved by over-expression of these two
genes. To measure differences in total lipid amount and composition,
we extracted total lipids by Soxhlet extraction and analyzed the fatty
acid compositions byGC–MS (Fig. 3D). Unsurprisingly, total lipid content
decreased in the dagatmutant. However, no signiﬁcant decrease of total
lipid was observed for the lpaat mutant strain, which was somewhat
surprising. Possibly, the lipid extraction using the Soxhlet extractor was
incomplete for neutral lipids (TAG), but amore quantitative assay is nec-
essary to conﬁrm this ﬁnding. For the fatty acid composition, the major
fatty acid components (C16:0, C16:4, C18:0, C18:1–3) were similar
among the wt and two mutants. Interestingly, C18:1–3 was slightly de-
creased in the dagat mutant strain, while C16:0 was slightly increased.
Itwas interesting to studywhether the LPAAT/DAGAT inChlamydomonas
has a difference with respect to substrate speciﬁcity during the TAG syn-
thesis, as shown in previous research in Nannochloropsis [25]. The PDH
and G3PDH enzymes fall into the early steps of two branches of the
lipid synthesis pathway. One branch belongs to the fatty acid biosynthe-
sis pathway, which occurs in chloroplasts, whereas the other branch be-
longs to TAGbiosynthesis, which occurs in the cytosol. Both branches use
the same carbon source of 3-PG from photosynthesis. To understand the
interaction between the PDH branch and G3PDH branch, we measured
the expression levels for the four genes in wt and the two mutants by
RT-PCR. In Fig. 3E, the PDH gene appears upregulated in the dagat mu-
tant, while the G3PDH gene was downregulated. In the RNA-seq data,
these two genes also show opposite expression patterns during the
lipid production (Supplementary Table 3). In conclusion, there is a
Fig. 2. Expression of three featured transcripts. A: Expression of transcripts 146945, 417460 and 26047, assessed by RT-PCR. Relative gene expression levels were normalized using
the RACK1 gene as an internal control. Data presented are the mean values of three experiments, and standard deviations are indicated by bars. The expression level of each gene in
the fast growing phase was arbitrarily set at 10. B: Expression levels for the featured genes assessed by RNA-seq of four growth phase samples. Transcript ID (TID). C. Cluster analysis
of differential gene expression in the four phases. Hierarchical analysis and normalization were performed using HCE3.5 software. The unique differential expression of genes can be
divided into eight clusters. I: LP; II: SP; III: LAP; IV: CDP. D: The average expression pattern in the three main clusters.
Fig. 3. Characterization of LAPPT and DAGAT by gene knockdown analysis. (A) Knockdown target gene expression in the mutant strain. Two separate transformants were tested
(line 1 and line 2), with the RACK1 gene as an internal control. (B) Relative Fluorescence Units (RFU) of wild type C. reinhardtii, LAPPT knockdown strains and DAGAT knockdown
strains after Nile Red staining. Values are the means and standard deviations of three independent experiments. The RFU in wild type was set at 100. (C) Relative total lipid content
in two knockdown mutants. Relative total lipid content%=sample lipid content/wt lipid content∗100%. Values are the means and standard deviations of three independent
experiments. Total lipid content of wild type was set at 100. (D) Fatty acid composition of total lipids in wild type and knockdown mutants. C18:1–3 indicates C18:1, C18:2 and
C18:3 together. Values are the means and standard deviations of three independent experiments. (E) Relative expression of PDH, G3PDH, LAPPT, DAGAT in wild type and two
knockdown mutants. L: lpaat knockdown strain, D: dagat knockdown strain.
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Fig. 4.Expression proﬁles of genes involved in the lipidmetabolismpathway in LAP and LP samples. Free fatty acids are synthesized in the chloroplast,while TAGsmay be assembled in the
cytosol/ER. Numbers are average fold change of all homologs for each enzymatic step (detailed data shown in Supplementary Table 3). ACCase, acetyl-CoA carboxylase; ACP, acyl carrier
protein; CoA, coenzyme A; DAGAT, diacylglycerol acyltransferase; DHAP, dihydroxyacetone phosphate; ENR, enoyl-ACP reductase; FAT, fatty acyl-ACP thioesterase; G3PDH, gycerol-
3-phosphate dehydrogenase; GPAT, glycerol-3-phosphate acyltransferase; HD, 3-hydroxyacyl-ACP dehydratase; KAR, 3-ketoacyl-ACP reductase; KAS, 3-ketoacyl-ACP synthase;
LPAAT, lyso-phosphatidic acid acyltransferase; LPCAT, lyso-phosphatidylcholine acyltransferase; MAT, malonyl-CoA:ACP transacylase; PDH, pyruvate dehydrogenase complex;
TAG, triacylglycerols; PC, phosphatidic acid; RuBisCo, ribulose-1,5-bisphosphate carboxylase/oxygenase; RuBP, ribulose-1,5-bisphosphate; 3-PG, 3-phosphoglycerate; TIM, triose-
phosphate isomerase; PGAM, phosphoglycerate mutase; 2-PG, 2-phosphoglycerate; GAP, glyceraldehyde 3-phosphate; Eno, enolase; PEP, phosphoenolpyruvate; PK, pyruvate kinase;
ALDO, aldolase; FBP-1, fructose-1,6-biphosphatase; PHI, phosphate isomerase; PGM, plastidial phosphoglucomutase; AGPase, ADP-glucose pyrophosphorylase.
233H. Lv et al. / Genomics 101 (2013) 229–237regulatory connection between PDH and G3PDH that balances the met-
abolic process of two branches in the lipid biosynthesis pathway.2.4. Transcriptional regulation of lipid biosynthesis during photosynthetic
growth
To date, little is known about transcriptional regulation of lipid
biosynthesis pathways in algae. This transcriptome analysis provides
an opportunity to identify putative transcriptional factors required for
lipid metabolism by assessing transcription factor expression proﬁles
during the lipid accumulation phase (LAP). Combined with the Plant
Transcription Factor Database [26] data, a total of 367 transcription
factors were predicted in Chlamydomonas. In our analysis, 41 showed
a 2-fold or greater change in transcript abundance, with 32 being
up-regulated and 9 being down-regulated (Table 2). Among these,
the expression level of the Orphan family transcription factor (transcript
ID 347485) and TUBBY-like protein family (TUB) transcription factor
(transcript ID 26047) showed more than ten-fold down-regulation
during the last two growth phases. In contrast, the expression level of
the AP2-EREBP family transcription factor (transcript ID 205924) and
the SBP transcription factor (transcript ID 115124) showed more than
ﬁve-fold upregulation during late growth phases. Consistent with our
data showing increased gene expression of both the Orphan family tran-
scription factor (transcript ID 347485) and the SBP transcription factor
(transcript 115124), these two transcription factors have previously
been shown to be required for TAG accumulation [27].3. Discussion
There is keen interest in the development of technologies that
harvest lipids from microalgae and convert them into diesel fuel
[28]. C. reinhardtii is a model green alga that has plenty of tools and
resources to study many fundamental biology questions. Research
on the lipid body accumulation processes in C. reinhardtii will likely
provide information for industrial applications in many algal species.
C. reinhardtii does not normally accumulate visible lipid bodies visible
by Nile Red staining during favorable autotrophic growth conditions.
However, after the stationary phase, C. reinhardtii accumulates large
numbers of lipid bodies in the cytoplasm, similar to other algae during
nutritional depletion (such as reduced nitrogen resources) and other
unfavorable conditions. Our results showed that the nitrogen concen-
tration gradually decreased during the four growth phases of this
study, while the neutral lipid content increased (Fig. 1B). Three days
after the log to stationary phase transition in our culture conditions,
lipid droplets could be detected in the cytoplasm of cells by Nile Red
ﬂuorescence.
In terms of the molecular basis of lipid biosynthesis in algae, little is
known. Here we use functional genomics and molecular genetics tools
and genome-wide analysis of gene expression during the lipid accumu-
lation process. RNA-Seq has been used successfully in C. reinhardtii for
tracking the differential expression of genes after nitrogen and sulfur
deprivation [27,29]. Here, RNA-Seq was used to analyze the differential
expression of genes during four growth phases, in which log growth
transitioned to cessation of growth and neutral lipid accumulation. By
Table 2
Transcription factors expression during the different growth phases.
PIDa Family TIDa LPb SPb LAPb CDPb
347478⁎ Orphans 347485 62.1396 4.1967 3.2197 8.5719
26047 TUB 26047 405.6913 32.6099 9.2350 19.5975
396350 AP2-EREBP 404597 0.3792 0.0900 0.0557 0.1693
146398 TRAF 146398 2.3406 0.6030 0.7273 0.5077
195860 RWP-RK 195860 8.0101 2.8346 0.7568 0.9965
10029 TIG 10029 5.8271 2.1354 1.4197 0.9689
148404⁎ AP2-EREBP 148404 69.1235 27.0326 20.8454 25.8186
171165 TIG 171165 49.4027 19.7349 12.6564 17.1680
345074 C2C2-GATA 345081 241.7043 99.4338 104.2327 84.6242
380951 TRAF 380958 3.6533 7.3749 7.3120 9.1155
76570 MBF1 76570 181.7930 387.9510 476.1618 392.2347
396091 Orphans 404769 5.2399 11.5532 13.0376 13.6295
130199 GNAT 130199 23.8069 53.8350 56.2240 48.4554
206364 E2F-DP 206369 5.7194 13.0742 11.4697 13.2669
399062 HSF 422722 10.1035 24.8729 27.5954 21.0746
330078 PHD 330085 0.6198 1.5789 1.4238 1.8573
400461 PHD 418220 4.9114 12.7828 15.3363 10.7857
106059 PLATZ 106059 7.3563 19.4908 15.2255 27.3762
19751 AP2-EREBP 19751 0.7780 2.0636 1.7547 1.8651
415966 MYB-related 409909 0.2368 0.6518 0.5986 0.0846
424240 C3H 397539 1.6804 4.6679 4.3368 5.7106
180819 CCAAT 180819 0.1117 0.3182 0.8868 1.1977
420467 GNAT 393832 14.4080 41.7285 60.5141 40.9098
290467 GNAT 290474 2.0640 6.0817 6.1794 7.1380
393258 Orphans 421265 1.6672 4.9361 5.7631 5.2764
290479 SBP 290486 0.4473 1.4717 2.1036 2.3705
104871 FHA 104871 0.4614 1.5327 2.4412 2.8848
282628 GNAT 282635 1.5105 5.0176 3.2692 3.9553
145759 TRAF 145759 0.5283 1.8189 2.5890 1.7611
151030⁎ TRAF 151030 0.4701 1.6253 1.0659 1.5295
287740⁎ PHD 287747 0.1426 0.5153 0.4159 0.3527
298349 MYB-related 298356 3.2429 12.1859 8.4788 13.0338
292744 C3H 292751 0.1717 0.7145 0.5008 0.7078
115247 G2-like 115247 0.7802 3.3322 2.2932 3.8327
205788 GNAT 205793 0.6346 3.0489 4.0566 3.6839
154505 SET 154505 6.9850 33.6777 14.6386 44.4823
116658 MYB-related 116658 2.3840 13.9750 14.4677 14.2786
177225 bHLH 177225 1.2014 8.2844 8.7396 10.1601
426843 PLATZ 397100 0.0500 0.3560 0.7497 0.4355
205919 AP2-EREBP 205924 0.0927 0.7917 0.5721 1.3659
115124⁎ SBP 115124 0.1987 1.6970 0.7007 1.0646
a PID and TID are the protein and transcript identiﬁers for each gene model for
C. reinhardtii genome version 4.0.
b LP, SP, LAP, CDP are RPKM of genes for each growth phase.
⁎ The asterisked bold gene expression patterns are consistence with that of Plant
Physiol. Vol. 154, 2010.
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two-fold changes among four growth phases. These genes displayed
threemajor differential expression clusters andwere involved in a variety
of metabolic pathways, including approximately 30 lipid metabolism-
related genes andmany transcription factors. These data are undoubtedly
informative with respect to algal engineering for biodiesel production.
For example, within the top 100 upregulated genes in the lipid accumu-
lation stage versus the log phase culture (Supplementary Table 2), most
of the genes are hypothetical genes. This fact indicates how little is
known about gene function in microalgae, particularly with respect to
themolecular basis of lipidmetabolism. As a proof of principle, we dem-
onstrated that lipid production and composition can be modiﬁed by
molecular engineering of the LPAAT1 and DAGAT genes. In the future,
we may obtain a desired strain by further inhibition or over-expression
of the hypothetical genes identiﬁed by this transcriptome analysis.
Multiple strategies have been attempted for enhancing lipid pro-
duction in microalgae, including over-expression of the ACCase, but
with little success to date. In our RNA-seq data, ACCase gene expres-
sion is not upregulated during lipid accumulation, but it has very high
expression in all four samples. Compared to the upstream gene PDH
(RPKM ~5–11), the ACCase's transcript abundance was 10–20 times
greater under all of the conditions (RPKM ~120–200, Supplementary
Table 3), suggesting that this enzyme may not be regulated at thetranscriptional level and that there is sufﬁcient RNA for the cells.
This might be one reason why upregulated ACCase does not enhance
lipid production; alternatively, over-expression of PDH may be re-
quired to supply substrate for ACCase.
Pyruvate dehydrogenase (PDH) is the ﬁrst component enzyme
of the pyruvate dehydrogenase complex (PDC). The PDC provides
acetyl-CoA and NADH for de novo fatty acid biosynthesis in plant cells
[30]. In addition, the down-regulation of PHI, which reversibly catalyzes
the conversion of fructose 6-phosphate into glucose-6-phosphate, is
consistent with the hypothesis that C. reinhardtii redirects photosyn-
thetic products from starch to neutral lipid as the energy storage
molecule after the initiation of the lipid accumulation phase. Another
down-regulated gene, TIM, catalyzes the reversible interconversion
of dihydroxyacetone phosphate and glyceraldehyde 3-phosphate.
Dihydroxyacetone phosphate is one of the two products of the break-
down of fructose 1,6-bisphosphate by fructose-bisphosphate aldolase,
along with glyceraldehyde 3-phosphate. Dihydroxyacetone phosphate
is rapidly and reversibly isomerized to glyceraldehyde 3-phosphate by
TIM. Dihydroxyacetone phosphate is also the substrate of G3PDH.
Therefore, we hypothesized that the down-regulation of TIM will pro-
vide more dihydroxyacetone phosphate for TAG biosynthesis in the
late growth phases. Fatty acid biosynthesis and TAG biosynthesis are
regulated through PDH andG3PDHexpression, and expression patterns
of these two enzymes show an inverse relationship during lipid produc-
tion. Amodel of transcriptional regulationwas proposed for these genes
(Fig. 5).
Genetic modiﬁcation of a single gene is usually not enough to sig-
niﬁcantly affect lipid biosynthetic ﬂux. Changes in the expression of
key regulatory genes that control the entire fatty acid biosynthetic
pathway may have a more substantial effect on lipid production
[31,32]. Eukaryotic cellular functions are highly connected through
networks of transcriptional regulators [33]. During the four growth
phases, many transcription factor genes showed dramatic changes
in expression. These data provide a valuable tool for selecting genetic
modiﬁcation targets for improved lipid yield.
4. Materials and methods
4.1. Strains and growth conditions
The C. reinhardtii strain 4A+ was cultured in Sueoka's high salt
medium [34] under continuous light (60 μmol m−2 s−1) at 25 °C.
All the cells were cultured for two 12/12 hour light/dark cycles to
synchronize the growth phases before inoculation and transfer to
continuous light conditions. Cells were inoculated at 106/ml and cul-
tured in 50 ml HS media in 250 ml ﬂasks. Cells were collected for
analysis during four distinct time points: i) log phase, the ﬁfth day
after inoculation ii) stationary phase, the eighth day after inoculation
when no neutral lipid droplet could be detected by Nile Red staining
[28]; iii) lipid accumulation phase, the tenth day after inoculation
when neutral lipid droplets could be detected by Nile Red staining
and iv) cell decline phase, the sixteenth day after inoculation, when
red chlorophyll autoﬂuorescence of many cells could not be detected.
Cell concentrations were approximately 5×106/ml in the log phase
and approximately 107/ml in the other three phases in our experi-
ments. Cell concentrationswere determined by using a Coulter Counter
(Beckman).
4.2. RNA extraction and qRT-PCR
Cells at each growth point were harvested by centrifugation at
4000 rpm for 2 min and then immediately stored in liquid nitrogen
before RNA extraction. Cells were ground into powder, and RNA was
extracted and puriﬁed by plant-speciﬁc protocols for the QIAGEN-
RNeasy Mini Kit. The RNA concentrations and quality were determined
by a Nano drop 2000C and agarose gel electrophoresis. qRT-PCR was
Fig. 5.Model for TAG biosynthesis in C. reinhardtii. The genes that showed differential expression during lipid accumulation were integrated into the model. The downregulation of
PHI repressed starch synthesis by reducing metabolite ﬂux from the Calvin cycle. The down regulation of TIM repressed the reverse reaction from DHAP to GAP and thus provided
more substrates to GPDH. The upregulation of GPDH promoted the generation of glycerol 3-phosphate and thus provided more substrate for TAG synthesis. The upregulation of
LPAAT promoted the generation of phosphatidic acid and thus provided more substrate for TAG synthesis. The upregulation of PDH promoted the generation of acyl-CoA and
thus provided more substrates for TAG synthesis. PDH, pyruvate dehydrogenase; PHI, phosphate isomerase; TIM, triose-phosphate isomerase; LPAAT, lyso-phosphatidic acid
acyltransferase; GPDH, gycerol-3-phosphate dehydrogenase; GAP, glyceraldehyde 3-phosphate; DHAP, dihydroxyacetone phosphate.
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SYBR Green Realtime PCR Master Mix, and the data were normalized
according to the RACK1 gene [27,29]. The primers for qPCR were as fol-
lows: 5′ TTGACATCCTGGTCCACTCG 3′ (F) and 5′ GTAGGAGGACGCG
GACAGA 3′ (R) for transcript 417460, 5′ GCTTCCTCTGCCAACAACG 3′
(F) and 5′ ATGGTGATGGTGCAGTCTACG 3′ (R) for G3PDH (transcript
146945), 5′ AGCCACCTATGGCAATTACAC 3′ (F) and 5′ TCCATGATACCA
CCGAACCT 3′ (R) for transcript 26047, 5′ CCAAGGTGGCTCGTGACTC 3′
(F) and 5′ACTCGCCTCTGTGCCTGTT 3′ (R) for the LPAAT gene (Transcript
378183), 5′ CGCCCTCCAACCCCTACA 3′ (F) and 5′ GGCAATGCCCAGACCG
AA 3′ (R) for PDH (Transcript 206684), 5′ CCAAGGTGGCTCGTGACTC 3′
(F) and5′ACTCGCCTCTGTGCCTGTT 3′ (R) for theDAGAT gene (Transcript
417564) and 5′ TCAACATCACCAGCAAGAAGG3′ and 5′CTGGGCATTTACA
GGGAGTG 3′ for the RACK1 gene.
4.3. RNA sequencing and data analysis
RNA samples from the four growth phases were submitted to
BGI-Shenzhen for Illumina sequencing. The 49 bp reads were mapped
to the C. reinhardtii genomeversion 4.0 usingMAQ [35]. The hierarchical
and cluster normalization analysis of differential expression during the
four phases for genes with more than 100 reads and more than 2-fold
or less than 0.5-fold changes in expression were performed using
HCE3.5 software [21]. Functional annotation and enrichment analyseswere performed using agriGO [22] (http://bioinfo.cau.edu.cn/agriGO/).
Homologous sequences for the TAG biosynthesis pathway were
obtained from GenBank, KEGG and SwissProt. Homologous sequences
were identiﬁed by a BLAST search with the C. reinhardtii genome
[6]. The Plant Transcription Factor Database (http://plntfdb.bio.uni-
potsdam.de/) was selected to predict the transcription factors in the
current assembly of the C. reinhardtii genome [20].
4.4. Lipid extraction, quantiﬁcation and nitrogen content measurements
Cellswere harvested by centrifugation at 5000 rpmat room temper-
ature for 20 min, and the cell pellets were freeze-dried. Total lipids
were extracted with Sherwood oil by using a Soxhlet extractor in a 75
to 80 °Cwater bath. Extracted total lipidswere collected by evaporating
the Sherwood oil at approximately 45 °C in a rotatory evaporator. Res-
idues in the ﬂat bottom ﬂasks were dried at 105 °C until weight stabi-
lized, both before and after total lipid extraction. For neutral lipid
ﬂuorescence quantiﬁcation, cells were harvested by centrifugation at
4000 rpm for 2 min and resuspended in TAP media [36] at 1×106
cells per ml. Nile Red dissolved in acetone was added to 5 μg/ml. Fluo-
rescence was measured at 480 nm excitation wavelength and 585 nm
emission wavelength by using a SpectraMax M2e reader (Molecular
Devices). Each measurement was repeated three times. The alkaline
potassium persiﬂage digestion-UV spectrophotometric method was
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moved by ﬁltration and centrifugation. An Olympus BX51 microscope
(Tokyo, Japan) and a Retiga 2000R CCD camera (QImaging Corporation,
Canada) were used to visualize chlorophyll (Fluorescence Mirror Unit
U-MWU2, excitation 330 nm, emission 400 nm) and Nile-red ﬂuores-
cence (Fluorescence Mirror Unit U-RFP, excitation 531 nm, emission
562 nm). Imageswere acquired and processed using Image-Pro Express
6.3 (GlenMills, PA). For analysis of the content and composition of fatty
acids, approximately 0.05 g of lipid extract was transferred to a glass
screw cap test tube, and acid-catalyzed methylation was accomplished
by adding 2 ml 0.4 ml/L KOH/Ch3OH and incubating at 80 °C or 2 h.
Upon cooling, 2 ml hexane was added, then H2O was added until the
total volume was 10 ml. The tube was shaken vigorously, and the
contents were separated into two phases by centrifugation. The upper
hexane layer containing fatty acid methyl esters (FAMEs) was analyzed
using an Agilent 7890A gas chromatograph interfaced with an Agilent
5975C triple-axis mass detector ﬁtted with a HP-5 column (Agilent,
30 m length×0.25 mm inner diameter×0.25 μm ﬁlm thickness). The
oven temperature was programmed from 120 °C (5 min hold) to
200 °C (1 min hold) at a rate of 10 °C/min, and then 3 °C/min to
220 °C (5 min hold), 6 °C/min to 260 °C (10 min hold). Helium was
the carrier gas.
4.5. Artiﬁcial MicroRNA design, plasmid construction and transformation
The artiﬁcial microRNA silencing vector pChlamiRNA2 [37] was
selected to perform gene knockdown in C. reinhardtii. The gene-
speciﬁc artiﬁcial microRNAs for LPAAT (Transcript number: 378183,
GGactagtTAGTGCATATATTCGTGGATAtctcgctgatcggcaccatgggggtggtgg
tgatcagcgctaTATCGACGAATATATGCACTAactagtCC) and DAGAT (Tran-
script number: 417564, GGactagtACGGTAGTCTACGGTACATTAtctcgct
gatcggcaccatgggggtggtggtgatcagcgctaTAATCTACCGTAGACTACCGTac-
tagtCC) were designed according to the instructions on WMD3-Web
MicroRNA Designer (http://wmd3.weigelworld.org/cgi-bin/webapp.
cgi) and synthesized directly. The artiﬁcial microRNA was cloned into
the pChlamiRNA2 SpeI site, and the insertion orientation was veriﬁed
by amplifyingwith primer set pmirna2insF (5′ CGGCACCCATCCGGTATA
3′ located in the upstream of SpeI) and pmirna2loopR (5′ TGATCACCA
CCACCCCCA 3′, located in the spacer of artiﬁcial microRNA) and se-
quencing. The artiﬁcial microRNA constructs were introduced into the
CC425 strain (cw15 arg2 sr-u-2-60 mt+) by a modiﬁed C. reinhardtii
genetic transformation method. In detail, CC425 was cultured in TAP
media plus 100 μg/ml arginine. Log growth phase cells were harvested
by centrifugation at 3000 rpm at room temperature, and the sediments
were re-diluted in TAP media up to 107 cells/ml. Then, 300 μl of the
concentrated cells weremixedwith approximately 1 μg linearized plas-
mid and 300 μl acid-washed quartz sand in a 4 ml centrifuge tube, then
vortexed at full speed for 15 s. The transformed cells were recovered in
30 ml TAP media plus arginine for 18 h under a culture light, then
harvested by centrifugation and plated onto solid TAP media plates.
Clones normally appeared after one week.
Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.ygeno.2013.01.004.
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